RATE of flow and composition of urine, solute levels in blood, renal hemodynamics, and renal tubular function in man have been systematically investigated by us during and after open iutracardiac operations. This report presents data from seven patients undergoing replacement of the aortic valve during normothermic cardiopulmonary bypass with a hemodilution technic. Acute changes in urine osmolality were interpreted in part on the basis of the countercurrent multiplier and exchange mechanisms."2
Material and Methods
Patients for study were selected only in that their heart disease required replacement of the aortic valve. Prior to study there was no historical or objective evidence of renal dysfunction as determined by usually applied tests of blood and urine. Clinical features of the patients studied are indicated in table 1 . Observations were divided into convenient "study periods," subsequently numbered as follows: (1) preoperative (prior to day of operation), (2) preinduction (in the operating room), (3) induction (onset of anesthesia to time of sternotomy), (4) thoracotomy (sternotomy to the beginning of cardiopulmonary bypass), (5) cardiopulmonary bypass (divided further into [a] first half and [b] second half), (6) postcardiopulmonary bypass (to the end of the operation with division into [a] first and [b] second half), (7) day 1 (end of operation to midnight), (8) day 2, (9) day 3, and (10) day 14 (approximately). During these "study periods," samples of blood and aliquots of urine were obtained for determinations which are subsequently described.
After induction with pentothal, anesthesia was maintained with 60 per cent nitrous oxide, 40 394 per cent oxygen, and 0.25 to 1.0 per cent Fluothane (halothane). The aortic valve was excised and replaced by a Starr-Edwards ballvalve prosthesis during normothermic cardiopulmonary bypass and direct coronary artery perfusion. Patient 4 also required resection of an aneurysm of the ascending aorta and its replacement with a tubular Teflon prosthesis. Rates of systemic blood flow during cardiopulmonary bypass were 2.0 to 2.2 liters per minute per square meter of body surface. The priming perfusate in the pump-oxygenator consisted of three parts freshly drawn heparinized blood and two parts 5 per cent glucose in 0.2 per cent saline. All patients breathed oxygen-enriched air spontaneously postoperatively. Five per cent glucose in water was given intravenously, 500 ml. per square meter of body surface on day 1, and 750 ml. on day 2. No supplemental potassium was given. Oral intake of fluid was resumed late on day 2, and intravenous administration of fluid was ordinarily discontinued at this time.
Urine was collected through a catheter in the bladder, with manual pressure being exerted over the bladder to ensure its emptying at the end of each observation period. During operation, urine drained into a 25-ml. graduated cylinder and was measured cumulatively to the nearest 0.5 ml. every 1 to 5 minutes. Postoperatively, urine was collected into a 100-ml. graduated cylinder and measured every hour. Depending on the rate of urine flow during operation, one or more "clearance periods" for inulin, p-aminohippurate (PAH), osmolality, sodium, and water were conducted within each surgical "study period." Particular attention was paid during operation to place the clearance periods during the steadiest and most representative portions of the "study period." During the preoperative and postoperative "study periods," two consecutive half-hour clearance studies were done. There was good correlation between these consecutive clearances for each individual patient. The priming dose of inulin and p-aminohippurate (PAHl) was based on body weight, and for the clearance periods done during cardiopulmonary bypass, the pump-oxygenator as well as the patient was primed. The plasma levels of inulin and PAH were maintained during all clearance periods Circulation, Volume XXXII, September 1965 At the estimated midpoint of each clearance study, venous or arterial blood was drawn and heparinized. Blood was analyzed for urea and sugar, and the plasma was separated and analyzed for sodium, potassium, osmolality, creatinine, inulin, and PAH. The concentrations of solutes in blood and plasma were considered representative for each "study period."
Levels of inulin and PAH in blood and urine were measured according to the methods of Smith.5 Concentrations of sodium and potassium were determined by standard flame photometry. Concentration of urea in blood and urine was measured by a modification6 of the Van Slyke and Cullen modifications of the Marshall method. "True" blood sugar was measured by the Somogyi method, and urine sugar was determined on the AutoAnalyzer.7 Plasma and urine osmolality were determined by freezing-point depression with a Fiske osmometer. Titratable acidity and urinary ammonia were measured by the method of Peters and Van Slyke8 while urine pH was determined with a Beckman pH meter.
Calculations of inulin, PAH, osmolar, sodium, and water clearances and of tubular reabsorption of solute and water were done according to Smith.9 To calculate the renal fraction of systemic blood flow during cardiopulmonary bypass, effective renal blood flow (CPAH/1-Hct. [PAH clearance divided by 1 minus hematocrit]) was divided by the effective systemic blood flow (total perfusion flow rate minus coronary artery perfusion). The measured milliequivalents of sodium, potassium, and ammonia nitrogen (multiplied by two to account for the associated anion), and the millimoles of urea and sugar were expressed as a percentage of the total calculated urine osmolality. A ratio between the total calculated and measured urine osmolality averaged 1.0 with a range of 0.81 to 1.21. No corrections for the dissociation constants were made. 32 All clearances, reabsorption data, and minute urine values were corrected to 1.73 square meters of body surface.
Results
Urine output, urinalysis, and urine-concentrating ability were normal preoperatively. Levels in the blood of urea, creatinine, sodium, and potassium were also normal in all patients. Inulin clearance (glomerular filtration rate) and PAH clearance (effective renal plasma flow) averaged 96 and 351 ml. per minute per 1.73 square meters of body surface, respectively-mean normal values are 127 and 660, respectively.9 Solute excretion was considered to be normal, allowing for the fact that four patients had been on a regimen of severe sodium restriction (table 2) .
Urine output decreased steadily after the induction of anesthesia; in four cases, it ceased for an average of 20 minutes just before cardiopulmonary bypass. The initial phase of cardiopulmonary bypass in all cases was characterized by anuria with an average duration of 21 minutes; thereafter, five patients experienced a urine flow rate which was three to five times higher than preoperatively. Two patients were oliguric throughout bypass, and then a marked increase in urine flow rate occurred immediately after termination of the cardiopulmonary bypass. In all patients, this increased flow rate persisted for the remainder of the operation. Early in the postoperative period, urine flow was lower than preoperatively, but by days 2 and 3, values more closely resembled the immediately preoperative ones of approximately 0.5 ml. per minute ( fig. 1 ). The resumption of urine flow during cardiopulmonary bypass in the five cases in which it occurred came only when the mean arterial pressure rose to more than 70 mm. Hg. In the two patients severely oliguric throughout bypass, mean arterial pressure remained below 65 mm. Hg until immediately after cardiopulmonary bypass when it rose to more than 70 mm. Hg. Details of urine flow rate and mean arterial pressure for patient 6, who is representative of all patients in this study, are shown in figure 2. Glomerular filtration rate (inulin clearance) decreased nearly 50 per cent during induction of anesthesia and opening of the chest, fell no further during and immediately after cardiopulmonary bypass (no measurements were possible during the anuric phase), and then steadily increased to equal or exceed preoperative values by day 2 Cumulative urine volume and mean arterial pressure during operation and the remainder of day 1 (patient 6).
renal plasma flow (PAH clearance) had a similar initial fall but a tendency to rise during and immediately after cardiopulmonary bypass. In the early postoperative period, the effective renal plasma flow fell slightly only to rise and frequently equal or exceed preoperative levels by day 2 vated clearances, U/P ratios, and minute excretion rates for PAH and to a lesser extent for inulin existed in the "immediately postanuria period" which characterized at least the initial phase of cardiopulmonary bypass. Analyses for PAH and inulin of urine excreted 10 to 15 minutes after the cessation of anuria ("delayed postanuric period") did not show such increased values ( Urine osmolality decreased and osmolar clearance increased during and immediately after cardiopulmonary bypass. Later in the day of operation, osmolar clearance decreased but urine osmolality increased. Both increased further on days 2 and 3 (table 2 and fig. 4 ). The increased osmolar clearance ( fig. 4 ) and the decreased GFR ( fig. 3a ) during and immediately after bypass were reflected in decreased tubular reabsorption of solute at this time. Tubular reabsorption of free water (TCH20), unlike osmolar clearance, remained low during and after bypass. This is shown in figure 5 , where osmolar clearance is plotted against minute urine volume, giving TeH20. Two distinct populations of values are seen, one being that observed during and soon after cardiopulmonary bypass (associated with significant glucosuria), and the other being the group of values observed in "study periods" at all other times. Throughout the study there was a direct relationship between GFR and urine osmolality ( fig. 6a ) and between GFR and TcH20 ( fig. 6b ). In addition, at all times there was a direct relationship between urine osmolality and urine urea concentration ( fig. 7) . These various relationships are consistent with the countercurrent-multiplier theory that urine is osmotically concentrated through a hypertonic medullary gradient created by active reabsorption of solute in the ascending limb of the loop of Henle.
Preinduction urine concentration of solute was higher than control values and is probably related to the limited intake of water the night before operation and the resultant low rate of urine flow (table 2). These concentrations, with the exception of that of potassium, fell steadily during the induction of anesthesia and the opening of the chest despite a further decrease in urine flow. Potassium concentration and urine pH increased concomitantly while titratable acidity fell. This probably was a reflection of the respiratory alkalosis produced by hyperventilation during induction of anesthesia. Arterial pCO2 was usually 25 mm. Hg and the pH Concentrations of all solutes, except glucose, decreased to their lowest point during cardiopulmonary bypass. However, the minute excretion rates at this time remained essentially the same as or increased to slightly more than values obtained in the previous thoracotomy period. The urine concentration and the total excretion of urea, ammonia nitrogen, and titratable acidity increased significantly postoperatively. This was probably the result of an increased catabolism and a mild metabolic acidosis seen in the early postoperative period. Urine pH usually varied inversely with ammonia nitrogen and titratable acidity in the study, suggesting appropriate renal tubular response to systemic acid-base conditions. Sodium concentration and excretion remained low with a tubular reabsorption of 99 per cent in all study periods. Potassium minute excretion remained fairly constant throughout the study.
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Figure 5
Tubular reabsorption of solute free water (TcH20) as derived from plot of osmolar clearance and urine volume (values for periods during and immediately after cardiopulmonary bypass are contrasted with those of other periods). TcH20 is represented as difference between urine volume at observed osmolar clearance in theoretical isosmotic state and that actually noted. Table 4 gives the concentration of certain solutes in blood or plasma. The sudden mixing of the patient's blood with the perfusate was reflected for the remainder of the operation by a reduction in the hematocrit reading and by hyponatremia, hypokalemia, and hyperglycemia. These changes gave way to normalcy by the end of day 1. Plasma hemoglobin levels are known to be low during such perfusions;'0 and, when determined at the end of cardiopulmonary bypass in these cases, plasma hemoglobin was always less than 40 mg. per 100 ml.
Discussion
The oliguria and fall in mean arterial blood pressure associated with induction of anesthesia and thoracotomy were probably related to a decreased cardiac output and an increased secretion of antidiuretic hormone'1 12(ADH). Anuria and arterial blood pressure of less than 60 mm. Hg characterized the initial portion of cardiopulmonary bypass. As the arterial pressure during bypass rose *Arterial pCO2 and pH values were determined by above 60 mm. Hg, the pressure needed for glomerular ultrafiltration,9 13 urine flow exceeded preoperative levels. This increased urine flow in part represented an osmotic diuresis secondary to the glucose in the priming perfusate, as evidenced by a high osmolar clearance, a low urine osmolality, and a significant glycosuria. 14 15 The fall in the urine volume in the early postoperative period may have been related to a diminished glucose osmotic load or a transient decrease in cardiac output. '6 The glomerular filtration rate (GFR) established during thoracotomy was usually not further compromised by total body perfusion, when the arterial blood pressure was 60 mm. Hg or greater. Effective renal plasma flow (ERPF) actually increased during cardiopulmonary bypass. Speculative reasons for this occurrence are alterations in intrarenal arteriolar resistance secondary to a nonpulsatile flow,'7 a change in autoregulation as described by 20 Both GFR and ERPF frequently equaled or exceeded preoperative levels on days 2, 3, and 14, probably reflecting the correction of the cardiac defect. The fall in urine osmolality and in TcH20, during and immediately after cardiopulmonary bypass, may have been greater than would be expected from an osmotic diuresis alone. The reduced glomerular filtration during thoracotomy and cardiopulmonary bypass probably contributed to this decrease in urine osmolality. Experimental evidence in support of such a concept has been presented by Levinsky and associates2' and Levitt and co-work-ers22 who demonstrated that a reduction in GFR can lead to inadequate delivery of osmotically active solute to the ascending loop of Henle, resulting in a decreased medullary interstitial osmotic gradient and a reduced effectiveness of the countercurrent-multiplier concentrating mechanism. Likewise, when shock and anuria were produced in dogs continuously infused with PAHl, renal blood perfusion continued at a level approximating 25 per cent of the control level. 23 The persistent renal perfusion was thought to be responsible for removal of osmotically active solute through the vasa recta via the countercurrent exchange mechanism, thus further lowering the medullary osmotic gradient. After correcting the experimental shock and anuria, the urine formed initially had a high concentration of PAH, a low urine osmolality, and a low TcH20.4,24 25 Similar urine findings characterized the immediate postanuric period in our patients, suggesting that the medullary interstitial gradient was further reduced during anuria by this mechanism. These experimental and clinical findings support the belief that systemic hemodynamic alterations can produce urinary changes simulating primary renal parenchymal dysfunction.26 27 Second to sodium, urea is the most important osmotically active solute in the renal medullary interstitium." 28 No sodium or urea-con-Circulation, Volume XXXII, September 1965 taining solution was administered to our patients during or immediately after operation; however, urea excretion postoperatively increased greatly as postoperative catabolism and GFR increased. The parallel relationship seen among GFR, urea excretion, and urine osmolality is significant and indicates that adequate delivery of urea to the renal medulla is an important factor in maintaining an efficient concentrating mechanism.
The kidneys in these patients appeared to retain the ability to handle electrolytes and to respond appropriately to acid-base changes. Tubular reabsorption of sodium remained high at all times, and the ability to conserve sodium is frequently used as a measure of normal tubular function.29 Potassium excretion, a function of the distal tubule, remained fairly constant throughout the study except for a modest and normal rise with the respiratory alkalosis during and soon after the induction of anesthesia. Likewise, tubular hydrogen ion production, as determined by titratable acidity and ammonia excretion, responded appropriately to previously reported systemic acid-base changes. 30 Several processes have been shown to alter renal performance in the study. All of these alterations in renal function were temporary in the patients studied. Irreversibility might occur if these temporary alterations were prolonged or if other factors were additive in their effect. For example, if markedly increased levels of free hemoglobin exist in the plasma during cardiopulmonary bypass, hemoglobin may accumulate in the kidney in high concentrations during the anuric phase of cardiopulmonary bypass, just as did PAH in this study.
Summary
Renal performance of seven patients undergoing replacement of the aortic valve was investigated. The initial portion of cardiopulmonary bypass was characterized by low arterial blood pressure and anuria. With a subsequent rise in arterial pressure during bypass, urine flow suddenly increased in five patients. In two patients urine flow did not resume until immediately after cardiopulmonary bypass. The high rate of urine flow at these times is thought to be partially due to a glucose-induced osmotic diuresis. The glomerular filtration rate (inulin clearance) and the effective renal plasma flow (PAH clearance) fell with induction of anesthesia and opening of the chest, but there was no further drop in these functions as a result of total body perfusion. Urine osmolality fell significantly during and immediately after cardiopulmonary bypass. The changes in urine osmolality are thought to be due in part to the osmotic diuresis and in part to a temporary reduction in the renal medullary hyperosmolality secondary to hemodynamic changes. All of the alterations in renal function were reversible in the patients studied.
K4
Adolf Fick-1829 Fick- -1901 This was his achievement in the simple Fick principle for calculation of cardiac output: that the total oxygen absorbed per minute, divided by the uptake of oxygen into the blood per unit of blood flowing, i.e., the arteriovenous oxygen difference, gives the total blood flow through the lungs. A similar equation obviously obtains for CO2 output and CO2 arteriovenous differences.
This simple relation has more in it than would appear at first glance. It was the first physiological synthesis of the notion of blood flow and the notion of respiratory gas transport. In another relationship it was essentially the expression of the dilution principle for blood flow measurement: the faster the blood flow the less oxygen taken up per unit of blood flowing. The dilution principle is really the basis of most of the accepted methods of measuring the cardiac output and the flow of blood to organs and regions. Among these are foreign gas and injection (indicator dilution) methods, including clearance techniques for measuring blood flow through liver and kidney. It is hard to exaggerate the importance and widespread influence of the ideas which have evolved in close relation to the principle exemplified in the calculation which has since become known as the Fick principle.
The Fick principle was published in the brief proceedings of the Wiirzburg Physikalische-medizinische Gesellschaft for 
